Most genomes contain nucleotide sequences with no known function; such sequences are assumed to be free of constraints, evolving only according to the vagaries of mutation. Here we show that selection acts to remove spurious transcription factor binding site motifs throughout 52 fully sequenced genomes of Eubacteria and Archaea. Examining the sequences necessary for polymerase binding, we find that spurious binding sites are underrepresented in both coding and noncoding regions. The average proportion of spurious binding sites found relative to the expected is 80% in eubacterial genomes and 89% in archaeal genomes. We also estimate the strength of selection against spurious binding sites in the face of the constant creation of new binding sites via mutation. Under conservative assumptions, we estimate that selection is weak, with the average efficacy of selection against spurious binding sites, N e s, of ÿ0.12 for eubacterial genomes and ÿ0.06 for archaeal genomes, similar to that of codon bias. Our results suggest that both coding and noncoding sequences are constrained by selection to avoid specific regions of sequence space.
Introduction
The idea that there are unconstrained sequences in a genome is ubiquitous in biology, largely because no function can be assigned to long stretches of DNA (Li 1997) . Despite their lack of function, however, these sequences may not be freely evolving. Great differences in the frequencies of nucleotide motifs within and between genomes Karlin and Burge 1995; Karlin, Campbell, and Mrazek 1998; Deschavanne et al. 1999; Hess et al. 2000) ( fig. 1 ) suggest that selection, as well as mutation, may shape the sequence of the entire genome. This selection may be due in large part to avoidance of transcription factor binding site motifs or other important sequence motifs (such as the origin of replication) Rocha, Danchin, and Viari 2001) .
The biological demands on the interacting network of proteins and DNA in an organism dictate that transcription of each gene must be regulated in time, level, and, in multicellular organisms, place (Davidson 2001; Locker 2001) . Transcription factors and other parts of the transcriptional machinery regulate this process in a complicated cellular environment by interacting directly in a sequence-specific manner with short stretches of DNA surrounding the target gene. These binding sites, often found in a well-defined promoter region upstream of the start of transcription, are typically 6 to 10 base pairs (bp) long (Fairall and Schwabe 2001) ; this short length allows for new binding sites to appear frequently in many new places in a genome (Stone and Wray 2001) . Creation of new binding sites is likely to be an important way in which novel transcriptional patterns evolve. However, this frequent creation of new binding sites may also introduce noise into the efficient functioning of a cell. The binding of transcription factors to the correct set of nucleotides in inappropriate genomic locations will occur without transcription taking place (Li and Johnston 2001) ; this nonfunctional binding is a drain on the organism's limited pool of transcription factors and general transcription machinery and may interfere with transcriptional regulation.
For three main reasons, Eubacteria and Archaea are ideal systems in which to evaluate the hypothesis that selection acts against spurious binding sites. First, many, small, fully sequenced prokaryotic genomes are available for analysis. Second, these genomes are uncondensed and thus open to direct binding by transcriptional machinery (Langer et al. 1995) , which presents the opportunity for selection to act against inappropriate binding of transcriptional machinery independent of chromatin condensation. Third, the sites that control transcription are well defined. In Eubacteria, transcription is controlled in large part by the RNA polymerase holoenzyme, whose contact with DNA is mediated by interactions between the r 70 factor and the ÿ35 and ÿ10 sequences (consensus sequences 59-TTGACA-39 and 59-TATAAT-39, respectively [Baumann, Qureshi, and Jackson 1995] ). In Archaea, transcription resembles that in eukaryotes: an A-box motif (59-TTTA [T/A]A-39), centered at ÿ27 bp from the start of transcription, is bound by TATA-binding protein independent of RNA polymerase II (Baumann, Qureshi, and Jackson 1995; Langer et al. 1995) . These binding site motifs, or slight variants on them, are necessary for transcription in both groups of organisms.
Here we test the hypothesis that selection acts to remove spurious transcription factor binding sites throughout 52 genomes of Eubacteria and Archaea. We use the consensus binding site from Eubacteria and the two main variants from Archaea as our focal sequences and test for underrepresentation of these sequences in both coding and noncoding regions of the genome. A model for the loss and gain of binding sites is also introduced; this model allows us to estimate the average strength of selection against spurious binding sites across genomes.
Materials and Methods

Motif Counts
Motif counts were generated with a sliding window approach applied to all 52 (table 1) (Rice, Longden, and Bleasby 2000) . The same qualitative results were obtained from genomes of multiple strains of the same species. The expected number of motifs in each genome, E(W), was calculated using the Markov maximal order model : EðWÞ ¼ N(w 1 w 2 . . . w mÿ1 )N(w 2 w 3 . . . w m )/N(w 2 w 3 . . . w mÿ1 ), where the number of expected occurrences of motif W made up of m nucleotides w 1 w 2 . . . w m is estimated using the observed number of occurrences, N(W), of subsequences. Assignment of overrepresentation or underrepresentation of motifs in a genome was done by comparing expected to observed. The expected value was calculated separately for all partitions of the genomic sequences. Significance of under/over comparisons across genomes was carried out by a G-test of independence with Williams' correction.
Counting Promoter Sites
The number of true binding sites in the promoter regions was calculated by first parsing gene locations from GenBank annotations of each genome using an already available Perl module from the Bioperl Project (Stajich et al. 2002) . A database of promoter sequences upstream from each ORF was then created. The criterion for promoter sequence was the smaller of either the first 1,000 bases upstream or until reaching a gene on either strand. Each sequence in the database was tested for the presence of one copy of the consensus promoter binding sites specific to either Eubacteria or Archaea in the correct orientation. The number of total sequences containing consensus binding sites in the promoter database was subtracted from the total seen for the genome. All expected values were then recalculated without the identified true binding sites.
Chaos Game Representation of Genomes
Counts obtained from above were graphed according to a chaos game representation (CGR) algorithm (Deschavanne et al. 1999 ). The program made by the authors to (Deschavanne et al.1999) constructed by the program CGRmotif (see Materials and Methods). Motif frequency in a genome is represented in each bin on a scale from white (indicating the most rare motifs) to black (indicating the most common motifs).
generate these figures, CGRmotif, is available at http:// www.duke.edu/;jes12/cgr. Whereas most methods used to find binding sites attempt to identify sites that are overrepresented in upstream regions (Wagner 1998; Berman et al. 2002) , our program can be used to identify previously unknown transcription factor binding sites by looking for deficiencies of sites in a genome (Stajich, Hahn, and Wray, unpublished data) .
Results and Discussion
Underrepresentation of Binding Sites
We counted the number of our focal binding sites present in each of 52 whole, unicellular genomes (41 eubacterial and 11 archaeal) (table 1) using a sliding window and examining both strands. In order to estimate the number of binding sites expected in each genome, we used a Markov model approach . This method takes into account motif bias of all subsequences found within our target hexamer (e.g., overrepresentation of the dinucleotide motif TA or underrepresentation of the stop codon TGA, in any frame, will not bias our results). Because we account for genomespecific nucleotide and motif frequencies, and hence for differences in mutation spectra among genomes, selection is the only plausible explanation for any observed patterns. For 32 out of 41 whole eubacterial genomes, TTGACA sequences were underrepresented (P , 0:01; table 2). For 29 out of 41 eubacterial genomes, TATAAT sequences were underrepresented (P , 0:05; table 2). In comparison, the two archaeal A-box motifs that are not used as binding sites for transcription in Eubacteria are not significantly underrepresented (21 of 41 for TTTAAA and 16 of 41 for TTTATA). In Archaea, seven of 11 genomes are underrepresented for both TTTAAA and TTTATA (table 2) , sequences which act as binding sites in this group.
These findings are inherently conservative because our counts of binding sites do not distinguish between spurious binding sites and those that are actively used in transcriptional regulation. Therefore, we are likely to overestimate the number of spurious binding sites by including binding sites maintained by selection. Nonetheless, we still detect significant underrepresentation of these sequences. If we examine just coding regions, we should eliminate the overcounting due to true binding sites because transcriptionally active binding sites should be absent in these regions. Table 2 shows that examining only open reading frames (ORFs) increases the number of underrepresented genomes to 32 of 41 for TTGACA and 37 of 41 for TATAAT in Eubacteria and 9 of 11 for TTTAAA and 11 out of 11 for TTTATA in Archaea. In contrast, noncoding regions show little if any pattern towards underrepresentation when examined separately and, in fact, show a slight tendency towards overrepresentation; this is because the binding sites that are maintained by selection are found in these regions (table 2) .
As an alternative way to correct for counting transcriptionally relevant binding sites in noncoding regions, we scanned promoter regions 59 of coding DNA, excluding a single binding site motif, if any were found, that was in the correct orientation (see Materials and Methods for details). This method is needed for two reasons. First, not every gene has its own promoter sequence: many genes are cotranscribed in polycistronic operons in both groups of organisms. Second, not every gene uses the strongly binding consensus sites. Genes that are not transcribed at high levels may use nonconsensus, weaker binding sites as a regulating mechanism (Kobayashi, Nagata, and Ishihama 1990; Xu, McCabe, and Koudelka 2001) . Taking into account the active binding sites, we find that spurious binding sites are underrepresented in noncoding regions in almost every archaeal and eubacterial genome (table 2, ''Noncoding-x''). This indicates that there is consistently stronger selection against spurious binding sites in noncoding regions. A concern is that when examining any motif, regardless of identity or function, our attempt to correct for selectively maintained motifs may lead to some amount of underrepresentation. However, we are still confident in our results because both across whole genomes and in coding regions, where controlling for true binding sites does not depend on correctly identifying such sites, we still see a significant underrepresentation of spurious transcription factor binding sites.
Our results suggest two different selective mechanisms acting against spurious binding sites. Selection most likely acts throughout the genome to reduce random binding, thus enhancing transcriptional efficiency. In promoter regions, selection may also act to remove spurious sites to avoid steric hindrance of transcription factors or to avoid gene silencing via ectopic transcription and RNA interference. The avoidance of steric hindrance in promoter regions may explain the conservation of sequences with no known binding affinities in-between binding sites in promoters: any motif that possibly binds a transcription factor is deleterious, thus further constraining sequence space.
Strength of Selection
Because little is known about the strength of the selective forces that constrain the genome as a whole, we also estimated the strength of selection against spurious binding sites. Selection acting on any single gene for translational efficiency is revealed by the nonrandom use of synonymous codons (codon bias) to match tRNA species abundance (Ikemura 1985; Moriyama and Powell 1997) . Selection for codon usage has been estimated to be approximately ÿ2 , N e s , 1 in both bacteria (Hartl, Moriyama, and Sawyer 1994) and Drosophila (Akashi 1995) (''N e '' represents the effective population size of the species, and ''s'' represents the selection coefficient for each variant). In order to measure the average strength of selection against spurious binding sites, we modeled the number of spurious binding sites in a genome as a balance between mutation and selection. In the neutral case without selection against binding sites, the equilibrium number of spurious binding sites expected in a genome is described by
where N equals the number of possible binding sites in a genome and n 0 equals the number of occurrences of a given binding site motif in a genome. The coefficients a and b encompass the mutation rates and fixation probabilities of neutral mutants for creation of binding sites (a) and the loss of binding sites (b). The first term of the equation describes the origin of new binding sites, and the second term describes the loss. If we add selection, both to maintain proper binding sites in the genome and against spurious binding sites, this equation becomes
where x equals the number of true binding sites, n equals the number of spurious binding sites, and c represents the effect of selection on the fixation probability of any binding site relative to the neutral case; this was approximated by Kimura (1983) as
That is, c equals 1 for a neutral mutant (N e s ¼ 0), is greater than 1 for a mutant under positive selection (N e s . 0), and is less than 1 for a mutant under negative selection (N e s , 1), as is expected for spurious binding sites. Solving for n 0 and n in equations 1 and 2 and dividing gives the result n=n 0 ¼ c. Here we assume that b is much larger than a (that mutation away from any particular sequence is much more likely than mutation to that sequence) and that x, the number of true binding sites, is negligible compared with the number of possible binding sites in a genome, N (where N ¼ size of the genome in base pairs ÿ size of binding motif in base pairs þ 1).
Intuitively, this result makes sense: the deficiency of binding sites in the genome (the ratio of observed number of binding sites to expected) is due to the lower probability of fixation of mutants that are selected against (the selection parameter, c). Equation 3 allows us to numerically solve for the average efficacy of selection (as measured by N e s) on spurious binding sites. These values are plotted for the Eubacteria and Archaea in figure 2 .
The average value of N e s for mutations to TTGACA is ÿ0.09 (ÿ0:32 , N e s , 0:11) and for mutations to TATAAT is ÿ0.15 (ÿ0:56 , N e s , 0:04) (table 3) . These values are similar to those found for codon bias (Hartl, Moriyama, and Sawyer 1994; Akashi 1995) and fall within the range of ''nearly neutral'' mutations (jN e sj , 1) (Ohta 1992) . Mutations in this range are strongly affected by population bottlenecks, reduced recombination, and other deficits in effective population size. It should be noted that the values of N e s are averages of many mutations with an unknown distribution of fitness effects. In addition, these estimates of selection against any one mutation are averages across different regions of the genome; table 3 shows that, as expected from above, the estimates of selection differ in coding and noncoding regions, with greater selection against spurious binding sites in noncoding regions.
The Effects of Selection Against Binding Sites
We have demonstrated here a form of natural selection that is only evident at the level of the whole genome. Selection against spurious transcription factor binding sites cannot be detected at a single locus, but requires a whole genome, or multiple whole genomes, to be sequenced. The effects of this selection may go a long way toward explaining both motif bias within genomes (where binding sites are underrepresented relative to nonbinding sites) and between genomes (where different suites of transcription factors are used in different organisms) ( fig. 1) . Across the genomes examined in this study, the effects of selection are obvious. Correcting for the binding sites used in transcriptional regulation, 33 of 41 and 40 of 41 eubacterial genomes are underrepresented for TTGACA and TATAAT, respectively (table 2, ''Genome-x''). In Archaea, 10 of 11 and 11 of 11 genomes are underrepresented for TTTAAA and TTTATA, respectively (table 2, ''Genome-x''). It is important to note that the consensus binding sites used here are often only identified biochemically in one or a very few species of Eubacteria or Archaea. For this reason, the underrepresented/overrepresented approach is conservative within groups. The fact that binding sites are not underrepresented in those genomes in which they are not used is not evidence against our hypothesis; in fact, it may be used to form new hypotheses about the sequences of binding sites used in organisms for which experimental evidence is lacking.
The effects of selection within each genome are also quite large. The average numbers of binding sites in a genome, relative to the expected, are 91% for TTGACA and 89% for TATAAT in Eubacteria and 99% for TTTAAA and 98% for TTTATA in Archaea (for uncorrected genomes); in coding regions alone the numbers are 87% for TTGACA, 81% for TATAAT, 91% for TTTAAA, and 90% for TTTATA. If we correct for true binding sites across the genome, the average numbers of spurious binding sites, relative to the expected, are 85% for TTGACA, 75% for TATAAT, 89% for TTTAAA, and 90% for TTTATA. Once again, because we assume that the consensus binding sites are the same across each taxonomic group, these numbers are conservative estimates of the effects of selection.
The method used to estimate the expected number of motifs in a genome corrects for motif bias in all subsequences of our focal motifs. This means that simple codon bias, in or out of frame, does not affect our estimates. Unfortunately, this method does not take into account any effects of di-codon bias: the nonrandom distribution of neighboring codon pairs (Gutman and Hatfield 1989) . However, we have good reason to think that this effect is minimal or nonexistent. Codon bias across these diverse sets of organisms, which have many hundreds of millions of years separating them even within Eubacteria or Archaea, is extremely varied (Nakamura, Gojobori, and Ikemura 2000) . The different genomes differ in the synonymous codons that are used, in the GC content of coding regions, and in the amino acids that are used (Singer and Hickey 2000) . In addition, it has been shown that dicodon bias differs among the species of Eubacteria and Archaea (Badger and Olsen 1999; McVean and Hurst 2000) and so should not explain the patterns we see across these groups. Finally, this bias only has effects on one DNA strand, whereas our results use both strands. It should be noted, however, that none of the reasons stated above argues against the contention that di-codon bias may be caused by selection against spurious binding sites in any single genome.
The next step in the study of selection against binding site motifs will be to examine eukaryotic genomes, where this form of selection may introduce a low level of background selection (Charlesworth, Morgan, and Charlesworth 1993) throughout the genome. It will be interesting to learn whether the motif bias observed here is as evenly distributed in eukaryotes, where heterochromatin, gene-rich regions, and different rates of recombination introduce a greater degree of spatial heterogeneity across a genome. In regions of heterochromatin, where DNA may not be open to spurious binding by transcription factors, selection against spurious binding site motifs would be unnecessary. In euchromatin, areas that are gene rich, and hence transcriptionally active much of the time, may show the strongest effects of this selection. On top of both of these conditions, rates of recombination along a chromosome show an effect on the efficacy of selection (Kliman and Hey 1993; Comeron and Kreitman 2002) and may add to the spatial heterogeneity in underrepresentation. Finally, even though the transcriptional machinery of the Archaea shares many similarities with that of eukaryotes (Baumann, Qureshi, and Jackson 1995; Langer et al. 1995) , the complexity of multicellular regulatory regions is unnecessary in prokaryotic genomes. In eukaryotes, there are often multiply-represented transcription factor binding sites in any one promoter region, as opposed to the single site necessary to initiate transcription. In these cases calculating underrepresentation only in coding regions may be preferred to avoid the inclusion of multiple binding sites maintained by selection.
The pattern of binding site motif underrepresentation presented here clearly supports the action of selection in constraining sequences throughout the genome, regardless of function. In fact, selection is almost certainly constraining sequences without biologically relevant function, as well as coding and regulatory sequences, to a specific region of sequence space. Although we have demonstrated selection only on the consensus sequences in the focal binding sites, this method may be used to estimate the strength of selection against variants of the consensus and other transcription factor binding sites. The use of population genetics models and theory along with the tools of comparative genomics has allowed new insight into the effects of natural selection at the level of the whole genome (e.g., Comeron and Kreitman 2002; Lynch 2002 ). Here we have extended this approach by connecting the effects of purifying selection on genomic sequences with stabilizing selection at the level of transcriptional output.
